The dislocation simulation method is used in this paper to derive the basic equations for a crack perpendicular to the bimaterial interface in a finite solid. The complete solutions to the problem, including the T stress and the stress intensity factors are obtained. The stress field characteristics are investigated in detail. It is found that when the crack is within a weaker material, the stress intensity factor is smaller than that in a homogeneous material and it decreases when the distance between the crack tip and interface decreases. When the crack is within a stiffer material, the stress intensity factor is larger than that in a homogeneous material and it increases when the distance between the crack tip and interface decreases. In both cases, the stress intensity factor will increase when the ratio of the size of a sample to the crack length decreases. A comparison of stress intensity factors between a finite problem and an infinite problem has been given also. The stress distribution ahead of the crack tip, which is near the interface, is shown in details and the T stress effect is considered.
Introduction
The influence of cracks is very important in advanced materials, such as fiber or particle reinforced composites, metal and ceramics interfaces, laminated ceramics, packaging materials and so on. Interface failures are common features in those materials and thin films. The design process of those components requires a better understanding of the failure mechanisms. An important task is to study in detail the fracture characteristics of cracks along or perpendicular to the interface.
Many researchers have investigated the interaction between an interface and a crack with various methods. Zak and Williams (1963) used the eigenfunction expansion method to analyze the stress singularity at the tip of a crack, perpendicular to and terminating at the interface. Cook and Erdogan (1972) used the Mellin transform method to derive the governing equation of finite cracks perpendicular to an interface and obtained the stress intensity factors. Erdogan and Biricikoglu (1973) solved the problem of two International Journal of Solids and Structures 40 (2003) www.elsevier.com/locate/ijsolstr bounded half planes with a crack going through the interface. Bogy (1971) investigated the stress singularity of an infinite crack terminated at the interface with an arbitrary angle. Wang and Chen (1993) used photoelasticity to determine the stress distribution and the stress intensity of a crack perpendicular to the interface. Wang and St a ahle (1998a,b) used the dislocation simulation approach to investigate a crack perpendicular to and terminating at the bimaterial interface. Lin and Mar (1976) presented a finite element analysis of the stress intensity factors for cracks perpendicular to the bimaterial interface. Meguid et al. (1995) proposed a novel finite element to analyze edge cracks in a finite elastic homogeneous body and a finite crack perpendicular to the interface in an infinite bimaterial solid. Chen (1994) used the body force to determine the stress intensity factors for a crack normal to and terminated at the bimaterial interface. Suo (1989) analyzed the interaction problem of an edge dislocation with a bimaterial interface. St a ahle et al.
(1995) investigated a crack growing towards to a bimaterial interface, where they carried out an experiment work and a finite element simulation. Recently, Leblond and Frelat (2000) studied a crack kinking from an initially closed crack and Chen (2000) investigated the T stress in plane elasticity crack problems. All the above studies are almost all about crack and interface problems in an infinite body. Few analytical solutions about interaction of a crack and an interface in a finite solid are available. In engineering applications, one has to deal with small bodies, especially the interaction of a crack and an interface in a bimaterial solid or a packaging.
The dislocation simulation approach is used in this paper to derive the basic equations for a crack perpendicular to the interface in a finite solid. The dislocation density is expressed as a series of the first Chebyshev polynominal with a set of unknown coefficients. Two additional holomorphic functions are introduced in order to satisfy the outside boundary conditions. Combined with the boundary collocation method, the governing equations are solved numerically and the complete solution of the problem and the stress intensity factors are obtained. Two kinds of cases with different loading forms are considered. The results are interesting and given in detail.
Basic equations

Complex potentials
In this section, basic equations are given for a finite crack perpendicular to the interface in an elastic finite body. Stresses and displacements can be expressed by two MuskhelishiviliÕs potentials:
where UðzÞ ¼ / 0 ðzÞ, XðzÞ ¼ x 0 ðzÞ. The complex potentials for an edge dislocation at z ¼ s in an infinite elastic solid can be expressed as follows:
where B ¼ ðl=ðpiðj þ 1ÞÞÞðb x þ ib y Þ and b x and b y are the x and y components of the Burgers vector of the dislocation, j ¼ 3 À 4m for the plane strain case and j ¼ ð3 À mÞ=ð1 þ mÞ for the plane stress case, m and l are PoissonÕs ratio and shear modulus, respectively.
The interaction of an edge dislocation with a bimaterial interface in an infinite solid was studied by Dundurs (1969) , Suo (1989) , Wang and St a ahle (1998a,b) among others. If the edge dislocation is embedded in material 2 as shown in Fig. 1 , the complex potentials are (see Suo, 1989 )
where
and a and b are two DundurÕs parameters
Considering the traction and displacement continuous conditions at the interface, one can get the complex potentials for the same problem but in a finite solid, where
and two holomorphic functions F , G in the finite solid can be expressed as follows:
The crack is considered as a continuous distribution of dislocations. So we have
where a and b are shown in Fig. 1 and c is the distance from the center of the crack to the interface, a 0 is a half of the crack length.
According to Wang and St a ahle (1998a,b) , we introduce a new complex variable z Ã and a new function
Using the following variable transformations:
the function Iðz Ã Þ can be represented as
Assume that the dislocation density can be expanded as a series of the first Chebyshev polynomial
where T m ðnÞ is the first Chebyshev polynomial
The opening displacement on the crack surface can be obtained
At the crack tip A as shown in Fig. 1 , we have t ¼ a, h ¼ 0 and substituting them into the above equation, the following equation can be obtained:
Using the following equation, which can be found in Gladwell (1980) :
We obtain
Stress jump across interface
We know that the displacements should be continuous across the interface and the strain e x should be continuous across the interface also. It follows that:
For the plane strain problem, the above equation can be written as
With the two DundurÕs parameters, the above equation can be written as
We assume that the external loading satisfies Eq. (27), so In the present paper, two kinds of loading forms are considered and we call them cases I and II.
Governing equations for Case I
Case I is a symmetric problem as shown in Fig 
The crack lies in the lower material 2 and the crack length is 2a 0 . The distance between the crack tip B and the interface is b. The distance between another crack tip A and the interface is a. The width of the sample is 2w and the height of the upper region S 1 is h 1 and that of the lower region S 2 is h 2 . Both the upper and lower materials are elastic.
Since the problem is an elastic one, we use a superposition scheme and need two solutions. The first solution is that for the bimaterial subject to a uniform external loading on the outside boundaries and is a homogeneous solution,
The second solution is that for a crack perpendicular to the interface with the uniform traction prescribed on the crack faces and traction-free on the outside boundaries. So we have the following equation for the crack face:
Since it is a symmetric problem, that is, b y ¼ 0, we obtain
Substituting the above Eqs. (34), (35), (9), (10) and (12) into Eq. (32), we obtain the following traction equation on the crack face:
Since it is a problem of finite solid, the boundary effect must be considered in the solution. In the present paper, we use the resultant forces on each boundary as boundary conditions. Point O is assumed to be fixed at all times, a point C Ã is permitted to move. The boundary conditions in the present analysis can be written in terms of the resultant forces from O to C Ã as follows:
The resultant forces from O to C Ã can be expressed as
where b 01 , b 02 , c 01 , c 02 are the unknown coefficients to be determined, which are related with the rigid displacements and
On the boundaries OC and CF as shown in Fig. 1 , we have
On the boundaries OD and DE as shown in Fig. 1 ,
Eqs. (36)- (38) are the governing equations for the present problem, which contain a set of unknown coefficients a m (m ¼ 1; . . . ; 1), b n and c n (n ¼ 1; . . . ; 1) and b 01 , b 02 , c 01 , c 02 . It is difficult to solve the governing equations analytically. We use the boundary collocation method to reduce the governing equations to a system of linear algebraic equations for the unknown coefficients and solve the problem. The crack surface is discretized into M elements and the nodal points are given by the following expression:
The ith outer edge of the rectangular plate is divided regularly into N i (i ¼ 1; 2; 3; 4) segments. When the algebraic equations are solved, the complex potentials and the stress components produced by the crack and the loading on the outer edges are known. According to the superposition principle, the stress fields of the rectangular plate can be obtained.
Governing equations for Case II
Case II is shown in Fig. 2 and the difference between Cases I and II is in the loading form. In Fig. 2 , a homogeneous stress ðr (28) is still satisfied. Also, the crack face is traction-free. The governing equation on the crack face for Case II is
where b < t < a. For Case II, we also use the resultant forces on each boundary as boundary conditions. Point O is assumed to be fixed at all times, a point C Ã is permitted to move. The boundary conditions in the present analysis are written in terms of the resultant forces from O to C Ã as follows:
Also the boundary collocation method is used to solve the governing equations for Case II.
Stress intensity factor
The stress distribution ahead of the crack tip B can be expressed as follows:
and
The stress intensity factor of crack tip B can be obtained as follows:
The stress intensity factor of crack tip A is
T stress
The T stress is the second term of the Williams series. Linear elastic fracture mechanics is usually based on the assumption that the stress fields near the crack tip are the K field. However, much work has shown that single stress intensity might not suffice to characterize the crack tip fields. T x is the x-component of the T stress contributed by the solution. For Case I, the total T x stress can be obtained as follows: Fig. 2 . A finite crack perpendicular to the bimaterial interface of a finite solid for case II.
For Case II, the total T x stress is
It should be noted that the total T x stresses for both Cases I and II are zero since the crack face is tractionfree, which is proved also by the numerical calculation. This result also explains the final results in the present paper that K field can describe the stress distribution in x-axis direction.
On the other hand, we have
A similar analysis shows that,
Then, we can obtain the following equations for Cases I and II, respectively,
3. Calculation results
Infinite solid problem
In order to verify our program, we calculate an infinite solid problem first with b n ¼ c n ¼ 0. Typical examples for aluminum-epoxy and epoxy-boron in the case of b=a 0 ¼ 0:01 and b=a 0 ¼ 0:1 were tested. The coefficients a m approach to zero rapidly as m increases. All the results given for this problem were calculated with M ¼ 100.
Figs. 3 and 4 show the stress distribution ahead of the crack tip B for aluminum-epoxy in the case of b=a 0 ¼ 0:01, which means that the crack lies in the weaker material. It is clear that the normal stress r x is dominated by the K field in the region of 0 < r=b < 0:5, meanwhile the normal stress r y is influenced by both the K field and the T stress and the single K field cannot adequately describe the stress component in ydirection. It is clear that the T stress effect is very important for aluminum-epoxy.
Figs. 5 and 6 show the stress distribution ahead of the crack tip B for epoxy-boron in the case of b=a 0 ¼ 0:1. Also, one can find that the normal stress r x is dominated by the K field and r y is influenced by both the K field and the T stress, in the region of 0 < r=b < 0:5. In this case the crack lies in the stiffer material. All the above calculation results for an infinite solid are consistent with those given by Wang and St a ahle (1998a,b) .
Finite solid problem
What is investigated mainly in the present paper is a crack perpendicular to the interface in a finite solid, where the influence of outer boundaries must be considered. The following results are given for Case I as shown in Fig. 1 and Case II as shown in Fig. 2 , respectively. 
The results for Case I
Figs. 7 and 8 show the stress distribution ahead of the crack tip B versus the normalized distance, r=b, for aluminum-epoxy. PoissonÕs ratio of aluminum is m 1 ¼ 0:3 and that of epoxy is m 2 ¼ 0:35. Shear modulus ratio of the two materials is l 1 =l 2 ¼ 23:08, which means that the crack is in a weaker material. The normalized parameters are w=a 0 ¼ 5:0, h 1 =a 0 ¼ h 2 =a 0 ¼ 5:0. The normalized distance between the crack tip B and the interface is b=a 0 ¼ 0:01. From Fig. 7 , we see that the K field can characterize the stress field in xdirection very well in the region of 0 < r=b < 0:5. Fig. 8 shows that the K field does not describe adequately the stress field in y-direction and both the K field and the T stress should be used to be consistent well with the present result in the region of 0 < r=b < 0:5. Comparing Figs. 7 and 8 with Figs. 3 and 4, one can find that the K field is consistent with the stress field in x-direction and the K field plus the T stress can describe the stress field in y-direction either for an infinite problem or for a finite problem. Figs. 9 and 10 show the stress distribution ahead of the crack tip B for b=a 0 ¼ 1:0 with other parameters being the same as those in Figs. 7 and 8. From Figs. 9 and 10, we also see that the K field is consistent with the stress field in x-direction and both the K field and the T stress should be used for the stress field in ydirection in the region of 0 < r=b < 0:1. Comparing Figs. 9 and 10 with Figs. 7 and 8, one can see that the distance b has a significant influence on the stress intensity factor so that the normalized stresses are quite different in Figs. 7 and 8 and in Figs. 9 and 10. When the crack lies in a weaker material, the stress intensity factor decreases with increasing b. Comparing Figs. 8 and 10, we can see that the T stress in y-direction will become positive and tensile when the distance of crack tip B to the interface decreases, which means that the crack path is unstable and will change its advancing direction when the crack lies in a weaker material and the crack tip is near the interface. This result is consistent with that given by Ye et al. (1992) . When the crack lies in a stiffer material, the thing may be different from the case when the crack lies in a weaker material. We give the corresponding normalized stress distributions versus the normalized distance from crack tip B, r=b, for the same edge length as those used in Figs. 9 and 10, but with different shear ratio. Figs. 11 and 12 show the normalized stress distribution for epoxy-boron and the shear ratio is l 1 =l 2 ¼ 0:007223. PoissonÕs ratio of epoxy is m 1 ¼ 0:3 and that of boron is m 2 ¼ 0:35 and the normalized distance b from the crack tip B to the interface is b=a 0 ¼ 0:1. Figs. 13 and 14 show the normalized stress distribution ahead of the crack tip B versus the normalized distance from the crack tip B, r=b, for the case of b=a 0 ¼ 1:0 with other parameters being the same as those used in Figs. 11 and 12 . The phenomena found in the case when the crack lies in a weaker material can also be observed in the case when the crack lies in a stiffer material. Comparing Figs. 12 and 14, we can see that the T stress is always compressive stress when the crack lies in a stiffer material, which means the crack path is always stable in that case. This result is consistent well with the experimental result given by St a ahle et al. (1995) .
All the above results are related with the effect of the distance b and the crackÕs position. For a finite problem, the scale of the sample must have an influence on the stress intensity factor. Now we consider the cases with different sample scales but with other parameters being the same. Table 1 shows the normalized stress intensity factors K 2 ðBÞ=r ffiffiffiffiffiffiffi pa 0 p for different ratios of the scale of the sample to the crack length versus different shear ratios, while the crack lies in a weaker material 2 and b=a 0 ¼ 0:1, m 1 ¼ 0:3. In Table 1 , four kinds of samples with different scales are shown with different shear ratios, while the crack lengths are the same. From Table 1 , one can see that the stress intensity factor will increase when the size of the sample decreases for the same shear ratio. The stress intensity factor is the smallest for the infinite problems. The stress intensity factor will decrease when the shear ratio of the upper material to the lower material increases for the same sample scale. Table 2 shows the normalized stress intensity factor K 2 ðBÞ=r ffiffiffiffiffiffiffi pa 0 p for different ratios of the scale of the sample to the crack length versus different shear ratios, while the crack lies in a stiffer material 2 and b=a 0 ¼ 0:1, m 1 ¼ 0:35, m 2 ¼ 0:3. In Table 2 , four kinds of samples with different scales are shown with different shear ratios, while the crack lengths are the same. From Table 2 , one can also see that the stress intensity factor will increase when the size of the sample decreases for the same shear ratio. The stress intensity factor is the smallest for the infinite problems. The stress intensity factor will increase when the shear ratio of the lower material to the upper material increases for the same sample scale.
From Tables 1 and 2 , one can find also that the normalized stress intensity factors are smaller than those for the homogeneous material, when the crack lies in a weaker material; they are larger than those for the homogeneous material, when the crack lies in a stiffer material. As for the case of an infinite solid with l 1 =l 2 ¼ 1:0 in Tables 1 and 2 , we can see the influence of PoissonÕs ratio. If m 1 =m 2 ¼ 1:0, the normalized stress intensity factor is unity. Figs. 15 and 16 give the normalized stress intensity factor versus the shear modulus ratio l 1 =l 2 with different normalized distances from the crack tip B to the interface for two cases, when the crack lies in a weaker material and when the crack lies in a stiffer material. In Fig. 15 , it is shown that when the normalized distance b=a 0 decreases, the stress intensity factor will decrease also. Fig. 16 shows that when the normalized distance b=a 0 decreases, the stress intensity factor will increase.
The results for Case II
Figs. 17 and 18 show the stress distribution ahead of the crack tip B versus the normalized distance, r=b, for aluminum-epoxy. PoissonÕs ratio of aluminum is m 1 ¼ 0:3 and that of epoxy is m 2 ¼ 0:35. The shear ratio of the two materials is l 1 =l 2 ¼ 23:08, which means the crack is in a weaker material. The normalized parameters are w=a 0 ¼ 5:0, h 1 =a 0 ¼ h 2 =a 0 ¼ 5:0. The normalized distance between the crack tip B and the interface is b=a 0 ¼ 0:01. From Fig. 17 , we can see that the K field can characterize the stress field in xdirection very well in the region of 0 < r=b < 0:5. Fig. 18 shows that the K field cannot describe adequately the stress field in y-direction and both the K field and the T stress should be considered to be consistent well with the present result in the region of 0 < r=b < 0:5. Comparing Figs. 17 and 18 with Figs. 3 and 4, one can see that the K field is consistent with the stress field in x-direction and the K field plus the T stress can describe the stress field in y-direction either for an infinite problem or for a finite problem. Comparing Cases I and II, one can see that Fig. 17 is the same as Fig. 7 .
Figs. 19 and 20 show the stress distribution ahead of the crack tip B for b=a 0 ¼ 1:0 with other parameters being the same as those in Figs. 7 and 8. From Figs. 19 and 20, we can also see that the K field is consistent with the stress field in x-direction and the K field plus the T stress characterize the stress field in y-direction, in the region of 0 < r=b < 0:1 . Comparing Figs. 19 and 20 with Figs. 17 and 18 , one can see that the distance b has a significant influence on the stress intensity factor so that the normalized stresses are different in Figs. 17 and 18 and in Figs. 19 and 20 , when the crack lies in a weaker material, the intensity decreases with increasing b. When the crack lies in a stiffer material, the thing may be different from the case when the crack lies in the weaker material. We give the corresponding normalized stress distributions versus the normalized distance from crack tip B, r=b, for the same sample scales as those used in Figs distribution ahead of the crack tip B versus the normalized distance from the crack tip B, r=b, for the case of b=a 0 ¼ 1:0 and the other parameters are the same as those used in Figs. 21 and 22. The phenomena found in the case when the crack lies in a weaker material also can be observed in the case when the crack lies in a stiffer material. Table 3 shows the normalized stress intensity factors K 2 ðBÞ=r ffiffiffiffiffiffiffi pa 0 p for different ratios of the scale of the sample to the crack length versus different shear ratios, when the crack lies in a weaker material and b=a 0 ¼ 0:1, m 1 ¼ 0:3, m 2 ¼ 0:35. From Table 3 , one can see that the stress intensity factor at crack tip point B will increase when the sample scale decreases for the same shear ratio. The stress intensity factor is the smallest for the infinite problems. The stress intensity factor at point B will decrease when the shear ratio of the upper material to the lower material increases for the same sample scale. Table 4 shows the normalized stress intensity factor K 2 ðBÞ=r ffiffiffiffiffiffiffi pa 0 p for different ratios of the scale of the sample to the crack length versus different shear ratios, while the crack lies in a stiffer material and b=a 0 ¼ 0:1, m 1 ¼ 0:35, m 2 ¼ 0:3. From Table 4 , one can also see that the stress intensity factor at the crack tip point B will increase when the ratio of the sample scale to the crack length decreases for the same shear ratio. The stress intensity factor is the smallest for the infinite problems. The stress intensity factor at point B will increase when the shear ratio of the lower material to the upper material increases for the same sample scale.
From Tables 3 and 4 , one can find also that the normalized stress intensity factors are smaller than those for the homogeneous material, when the crack lies in a weaker material; they are larger than those for the homogeneous material, when the crack lies in a stiffer material.
Figs. 25 and 26 give the normalized stress intensity factor versus the shear ratio l 1 =l 2 with different normalized distances from the crack tip B to the interface for two cases, when the crack lies in a weaker material and when the crack lies in a stiffer material. In Fig. 25 , when the normalized distance b=a 0 decreases, the stress intensity factor will decrease also. Fig. 26 shows that when the normalized distance b=a 0 decreases, the stress intensity factor will increase. 
Conclusions
• In the present paper, a crack perpendicular to the bimaterial interface of a finite solid is investigated analytically using the dislocation simulation approach and boundary collocation method.
• A crack perpendicular to the bimaterial interface of an infinite solid is solved also. For both the finite and infinite solids, the normal stress r x ahead of the crack tip, which is near the interface, is characterized by the K fields and the normal stress r y is influenced by both the K field and the T stress in 0 < r=b < 0:5 region for b=a 0 ¼ 0:01; when b=a 0 ¼ 1:0, the corresponding region is 0 < r=b < 0:1 for both r x and r y .
• As the crack approaches the interface, the parameter b becomes an important length scale, which characterizes the dominated zone of the K field and that of the K field plus the T stress field.
• The stress intensity factor becomes larger when the sample scale decreases. In a finite solid, the stress intensity factor is larger than that in an infinite solid.
• When the crack lies in a weak material, the stress intensity factor is smaller than that in the homogeneous material and the crack path is unstable when the crack tip is near the interface. When the crack lies in a stiffer material, the stress intensity factor is larger than that in the homogeneous material and the crack path is always stable with compressive T stress, which is consistent with the experimental results given by St a ahle et al. (1995) , Ye et al. (1992) and Cotterell and Rice (1980) . • The stress distributions for the finite and infinite solids of bimaterial are very similar but with the different stress intensity factors. 
